The impact of groundwater extraction on a spring and its dependent ecosystems is intrinsically linked to local-scale hydrology, the spring's source aquifer and the discharge environment. This information is critical in the assessment of impacts from groundwater extraction and resource development activities. Using a case study of the Lucky Last and Abyss spring complexes in the Surat Basin of the Great Artesian Basin (Australia), an approach was taken to identify the source aquifers and to build a local-scale conceptualisation. Field investigations, including surface geological mapping, investigation bores, water quality sampling and geophysics, were applied to reduce plausible hypotheses and to increase confidence in the long-term prediction of impacts on these springs. The report highlights advances in the hydrogeological conceptualisation of the Lucky Last and Abyss springs, as well as the benefits of applying an approach that involves hypothesis testing and multiple lines of investigation. The assessment provides increased confidence in the determination of source aquifers for springs in the Surat Basin, with the approach being applicable more broadly to the conceptualisation of springs across the Great Artesian Basin and other regional groundwater flow systems.
Introduction
The natural discharge of groundwater from Australia's Great Artesian Basin (GAB; Habermehl 1982) supports spring wetland ecosystems of high conservation and cultural significance (Fensham et al. 2010 ). There are three fundamental hydrogeological mechanisms by which springs occur on the eastern margins of the GAB (Whitehouse 1954; Habermehl 1982; Fensham and Fairfax 2003; KCB 2012a, b ; Queensland Water Commission 2012; Commonwealth of Australia 2014; OGIA 2016a). These include changes in permeability resulting in groundwater discharge laterally to the surface; a geological structure providing a path along which water can discharge to the surface; and erosion of the landscape by surface water flows exposing groundwater at the ground surface (window to the water table).
In a multilayer aquifer system, the source aquifer for a spring may be an outcrop formation, or it may be a deeper formation from which groundwater discharges to the surface via structural elements such as faults and fractures. Some springs may receive flow from multiple sources, including a combination of local and regional groundwater systems, as well as surface-water flows.
Since the nineteenth century, spring flows in the GAB have declined due to a reduction in aquifer pressure following extensive construction of water supply bores (e.g. Habermehl 2019, this issue) . Another potential contributor to pressure loss is the extraction of groundwater for, and during, resource development activities (Fensham and Fairfax 2003; Fensham et al. 2010; Queensland Water Commission 2012; Commonwealth of Australia 2014; OGIA 2016b, d) .
Published in the special issue "Advances in hydrogeologic understanding of Australia's Great Artesian Basin"
The Surat Basin includes spring wetlands of high conservation significance. Many of these springs are fed by aquifers which are extensively used for water supply, some of which have predicted impacts from resource developments activities (Queensland Water Commission 2012; OGIA 2016b) . Understanding the consequence of predicted impacts on a spring requires a conceptual understanding of the local-scale hydrology including, critically, the spring's source aquifer.
Since 2011, the Office of Groundwater Impact Assessment (OGIA)-an independent body responsible for the assessment of cumulative groundwater impacts -has led a collaborative work program with the CSG industry and research organisations to improve knowledge of springs and their associated wetlands in the Surat Cumulative Management Area (CMA; Fig. 1 ). The primary objectives of the research has been to determine spring source aquifers and natural variability in groundwater discharge, and to advance ecohydrological understanding at the supported wetlands.
The framework for assessment of impacts of groundwater extraction on dependent ecosystems is outlined in Richardson et al. (2011) and further developed in Doody et al. (2018) . A first step is developing a conceptualisation of the ecohydrological setting. For spring wetlands, the key knowledge need is the identification of the spring's source aquifer (Gasca and Ross 2009; Currell et al. 2017) , of which the underlying geology and structural controls are pivotal elements (Kresic and Stevanovic 2010) . Detailed local-scale hydrogeological conceptualisation and recognition of multiple plausible conceptual models (Enemark et al. 2018) are needed for robust assessment of responses to changes in groundwater pressure.
This article presents a multidisciplinary approach for identifying spring source aquifers and conceptualising spring hydrogeology in a complex multilayer aquifer system, incorporating local-and regional-scale geology, hydrogeology, hydrochemistry and field-based observations. Detailed hydrogeological conceptualisation was completed at 17 groups of springs in the Surat CMA ( Fig. 1) , providing increased clarity on spring source aquifers-information that is critical for the assessment of impacts and the establishment of any management arrangements.
Integrating existing and newly acquired data, findings from two sites are presented: the Lucky Last and Abyss spring complexes. When the Surat CMA was established in 2011, discharge from the Lucky Last complex was considered to be most likely fault-derived and sourced from the Precipice Sandstone (Jensen et al. 1964; Mollan et al. 1972; Habermehl 1982; EHA 2009 ). The Hutton Sandstone was identified as the most likely source aquifer to the Abyss complex; however, given the structural controls in this area, there remained ambiguity as to which aquifer fed these springs.
These complexes were selected as case studies because: (1) they have national conservation value; (2) they were identified to be at risk of impacts from groundwater pressure decline (Queensland Water Commission 2012; OGIA 2016b); (3) there were significant field investigations; and (4) they represent two different wetland types (OGIA 2015) . The report concludes with a summary of the hydrogeological insights from the conceptualisation work and discussion on the applicability of the method to the broader GAB.
Case study

Site description
The Lucky Last and Abyss spring complexes are located in a narrow U-shaped valley of Injune Creek, 20 km north-east of Injune in central Queensland, Australia (Fig. 1) . The springs of the Lucky Last complex are characterised by permanent palustrine wetlands, many with well-developed peat wetland soils, dense vegetation cover and mounded organic-rich regolith (Fig. 2) . The majority of individual wetlands are less than a few hundred square metres in size, although the largest-287, a single peat mound on the floodplain on the eastern side of Injune Creek-is more than 3,000 m 2 . This wetland has a significant 'discharge tail' draining into the Injune Creek. The wetlands occupy an elevation range of 346.86-351.97 m with respect to the Australian Height Datum (mAHD).
The springs of the Abyss complex are characterised as semi-permanent, palustrine wetlands located within topographic lows to mid-slope, with minor wetland soils and minor vegetation cover (Fig. 2 ). This complex occurs in the outcrop of the Hutton Sandstone. In contrast to Lucky Last, the Abyss complex occurs on a highly weathered profile and the wetland water balance is dominated by a semi-permanent diffuse discharge.
Geology
The springs are located within Jurassic sediments of the Surat Basin, underlain by the Bowen Basin at significant depth. The deposition of the Jurassic to middle Cretaceous sediments of the Surat Basin, over the Triassic and Permian sequence of the Bowen Basin, has significantly influenced the shape and structure of the sequence at this location (Ransley and Smerdon 2012) .
The geological setting is complex due to prominent regional structural features including the Hutton-Eurombah Creek Anticline, the Permian Hutton-Wallumbilla Fault and the associated fracture zone (Fielding et al. 1990 ). The surface geology ( Fig. 3 ) around the spring complexes has been regionally offset by the Hutton-Wallumbilla Fault.
Proximal to the spring complexes is the Surat Basin at outcrop-the Precipice Sandstone, the Evergreen Formation (including the Boxvale Sandstone and the Westgrove Ironstone members), the Hutton Sandstone, the Birkhead Formation and the Walloon Coal Measures (Exon et al. ). Immediately to the north of the Hutton-Wallumbilla Fault, the majority of the Bowen Basin formations are absent in the subsurface due to a period of erosion prior to the deposition of the Surat Basin sequence (Green et al. 1997; Fig. 4) . In this area, a contact between the Precipice Sandstone and the Bandanna Formation is interpreted to occur on the basement high, confined to a narrow band parallel to the Hutton-Wallumbilla Fault and Hutton-Eurombah Creek Anticline. This is the primary interpreted propagation pathway for impacts from petroleum and gas (P&G) activities at the study location. On the southern side of the fault, the spring complexes are underlain by the late Permian Bowen Basin and the early Jurassic Surat Basin sequences.
Prior to this study, the available geological mapping (Exon et al. 1967 ) located the Lucky Last complex in the outcrop of the Westgrove Ironstone Member of the Evergreen Formation.
There is significant variability in the subsurface thickness of the key geological units at the study location, resulting from structural deformation of the sequence and erosion during the Mesozoic period (Speck et al. 1968 ). Based on stratigraphic interpretations in well completion reports for nearby wells, the Precipice Sandstone ranges in thickness from 25 to more than 100 m, interpreted to be thinnest to the north of the Hutton-Wallumbilla Fault, along the Hutton-Eurombah Creek Anticline. The upper unit of the Precipice Sandstone is a fine to medium-grained white-to-light-grey highly friable sandstone with interbedded siltstone. The more extensive lower unit is white fine-to-coarse-grained porous quartzose sandstone, exhibiting some cross-bedding (Jensen et al. 1964; Blue Energy 2008) . The unit unconformably overlies the Triassic and Permian sediments of the Bowen Basin.
The Evergreen Formation ranges in thickness from 50 to 200 m, comprising several member units at the study location. The upper Evergreen Formation is a fine-grained dark grey mudstone laminated with sandstone and interbeds of carbonaceous grey siltstone. The middle Boxvale Sandstone Member comprises fine-to-coarse-grained cross-bedded quartzose sandstone, while the Lower Evergreen exhibits increasing occurrence of dark grey to black mudstone laminated with sandstone, siltstone and shale (Green et al. 1997) . Intermittently, in the uppermost part of the formation, the Westgrove Ironstone Member comprises interbedded dark grey to black mudstone and a pelitic or oolitic mudstone with sideritic cementation and some minor sandstone (Green et al. 1997) .
The Boxvale Sandstone Member outcrops to the north and north-east of the spring complexes and is sporadically reported in well completion reports around the study area. The sandstone is generally considered to be a discontinuous unit with the available data indicating a thickness of 10-25 m where present. Within the study area, the Hutton Creek has eroded the Evergreen Formation, revealing the underlying Precipice Sandstone. This has resulted in the absence of the Boxvale Sandstone Member to the north and north-east of the study area (Fig. 3) .
The Hutton Sandstone is a light grey medium-to-coarsegrained feldspathic sandstone consistently interbedded with carbonaceous light-to-dark-grey siltstone (Green et al. 1997) , with minor siltstone interbeds and coal (Robbie 2004) . The available data suggest that the thickness of this unit ranges between 80 to 220 m, and it only outcrops on the southern side of the fault at the study area. The siltstone interbeds in both Hutton Sandstone and the Evergreen Formation may significantly influence the movement of groundwater (Green et al. 1997) .
Structural features
Prior to the study, the available geological surface mapping (Exon et al. 1967 ) and nearby wells were used to develop representative geological cross-sections (Fig. 4) . The Hutton-Wallumbilla Fault is the dominant structural feature in the vicinity of the springs. The fault is considered to be a near-vertical thrust fault dividing the Comet Ridge Platform from the lower Roma Shelf (Green et al. 1997) . The fault occurred during the back-arc extension phase of the Bowen-Gunnedah Basin, which produced a series of grabens and half grabens along the eastern margin of the Australian continent (Jones and Veevers 1983) .
In the late Permian, compression caused uplift and subsequent erosion of the lower formations of the Bowen Basin above the Comet Ridge Platform and Roma Shelf (Fielding et al. 1990 ). Sporadic periods of compression and uplift continued until the mid to late Triassic when a major period of compression resulted in fault reversal and regional uplift, which eroded up to 3,000 m of Bowen Basin sediments (Fielding et al. 1990 ). This event resulted in deposition of the basal aquifer of the Surat Basin on an unconformable surface, in direct contact with the Bandanna Formation (the target petroleum and gas reservoir) at some locations.
Periods of reactivation have extended the fault to varying degrees through overlying formations and have caused surface and subsurface echelon faulting with evidence of heavy brecciation in the subsurface fault zone (Jensen et al. 1964; Coote 1984) . The springs are clustered around a smaller parallel echelon faulting feature, which is likely to be considerably younger and to have formed as a consequence of the multiple periods of reactivation since the late Permian, most likely during the late Triassic or Jurassic periods (Veevers et al. 1994) .
Cross-sections ( Fig. 4 ) support previous interpretations by KCB (2012b) and EHA (2009) that there is likely to be significant thrusting of the sequence abutting these faults. In the immediate vicinity of the springs, the difference in elevation of the Precipice Sandstone across the fault is approximately 320 m (based on the Taroom 17 and Moonah 1 well completion reports; Fig. 4 ). The vertical throw across the fault is interpreted to significantly increase along the south-west strike in the vicinity of the springs.
Hydrogeology
The interpreted flow direction in the Precipice Sandstone is from the outcrop areas in the north and north-west to the south-east ( Fig. 3) . Groundwater level contours of the Precipice Sandstone are interpreted to be generally perpendicular to the fault, which may indicate: (1) a low flow or barrier to horizontal groundwater flow across the Hutton-Wallumbilla Fault; (2) horizontal connection of the Precipice Sandstone and Hutton Sandstone across the fault; or (3) the groundwater level surface is simply reflecting the topography in this area.
The Precipice Sandstone groundwater levels indicate that a number of local creeks and streams potentially receive groundwater, particularly on the northern side of the Hutton-Wallumbilla Fault. The interpreted contours are consistently higher than the elevation of the Hutton Creek along the signficant lengths of the fault near the Lucky Last and Abyss complexes. It is interpreted that the Precipice Sandstone and Hutton Sandstone potentially provide baseflow to the Hutton Creek at this location. Groundwater level contours were not prepared for the Boxvale Sandstone Member due to the insufficient number of data points proximal to the spring complexes. The paucity of data in proximity to the springs is a key limitation to the available dataset, particularly for the Precipice Sandstone and the Boxvale Sandstone Member on the southern side of the Hutton-Wallumbilla Fault (Fig. 3) .
Hydrochemistry A significant limitation of the desktop assessment was the lack of water chemistry samples from spring wetlands and nearby dedicated monitoring bores, required to perform a rigorous hydrochemical analysis (OGIA 2013). The limited available data indicated the Lucky Last complex may be influenced by the Precipice Sandstone or the Boxvale Sandstone Member, due to the presence of lower concentrations of major ions in both spring water and groundwater, whereas the Abyss complex was most likely influenced by the Hutton Sandstone, based on the higher concentrations of major ions.
Materials and methods
Previous investigations
Since the 1950s, there have been a number of Surat Basin hydrogeological investigations referencing springs (Whitehouse 1954; Mollan et al. 1972; Habermehl 1982) . Between the late 1990s and 2011 (DNR 1996; Ingram and Stanisic 1997; Fensham 1998; Fensham and Fairfax 2003; Fensham et al. 2004 Fensham et al. , 2010 , the majority of investigations in Queensland were undertaken by the Queensland Government with the primary purpose of gathering botanical and macroinvertebrate information at GAB spring wetlands, providing an inventory of species, ecological values, condition and basic hydrochemistry.
More recently, a number of ecohydrological surveys and hydrogeological field investigations were undertaken at this location prior to this study (Fensham et al. 2012; KCB 2012a, b) . There are also several ongoing spring monitoring programs implemented by CSG tenure holders to meet various regulatory requirements. In the Surat CMA, tenure holder monitoring commenced in 2013 as part of the 1-year baseline spring monitoring program (Lyons et al. 2015) carried out in accordance with Commonwealth Government conditions of approval and the initial Surat Underground Water Impact Report (UWIR; Queensland Water Commission 2012). The baseline monitoring program included monitoring of groundwater levels, hydrochemistry sampling, measurements of wetland area, groundwater discharge, floristic distributions and macroinvertebrate sampling. Data from these prior investigations were incorporated into the current assessments and resulting conceptualisation. Tenure holders maintain an ongoing monitoring program in accordance with their monitoring obligations to the Commonwealth and State, outlined in the UWIR (Queensland Water Commission 2012; OGIA 2016c).
Previous source-aquifer assessments for some springs at the Lucky Last and Abyss complexes (Table 1) identified various GAB aquifers as potential source aquifers. The techniques and methods used to identify source aquifers to springs in the GAB are summarised by EHA (2009) 
Overall approach
In 2012, predictions of impact from the regional groundwater flow model (Queensland Water Commission 2012) were used to delineate an area of interest. Within this zone, surveys were required to identify spring wetland features and assess values and reliance on groundwater, and were undertaken by OGIA (formerly the Queensland Water Commission) and tenure holders.
Following the initial field surveys, conceptualisation incorporated four component steps at priority locations: (1) desktop collation and analysis of available geological, hydrogeological and hydrogeochemical data; (2) establishment of plausible hypotheses for the mechansims by which the springs discharge and their source aquifer; (3) targeted field investigations to collect additional hydrogeological data and field monitoring of the spring sites to test hypotheses and gather information to reduce uncertainty; and (4) synthesis of the collected information to establish source aquifer and discharge mechanisms. This approach provides a systematic method to reduce conceptual uncertainty.
Analysis of available geological data included stratigraphic and lithological analysis of the underlying geology, development of representative stratigraphic cross-sections, identification of structural or basement features, integration of seismic analysis, identification of structural and geological uncertainties and identification of further data requirements to improve the conceptual understanding. The hydrogeological assessment included analysis of the spatial and temporal distribution of available groundwater pressure measurements, development of representative potentiometric surfaces, analysis of groundwater flow directions for each aquifer and identification of hydrogeological limitations, uncertainties and data requirements to improve the conceptual understanding at each site. Potentiometric surface maps in the vicinity of the spring complexes were prepared from the available groundwater level data in 2013 (Fig. 3) . The hydrochemical assessment included comparison of groundwater from various formations and spring discharge data proximal to the study sites, and identification of hydrochemical limitations, uncertainties and data requirements to improve the conceptual understanding at each site. Sixty-four bores within 40 km of the springs were selected for multivariate hydrochemical analysis using available major ion data from the Queensland Groundwater Database and three spring wetland samples.
Formulation of hypotheses
Following the desktop assessment, four hypothetical hydrogeological conceptual models were proposed for the Lucky Last and Abyss spring complexes ( Fig. 5 ):
Stratification and faulting in the Hutton Sandstone The Hutton Sandstone is interpreted to be locally confined by siltstones, shales and mudstones, resulting in artesian conditions in the deeper parts of the formation. Localised faulting provides preferential flow paths through the confining beds to provide discharge to the Abyss and Lucky Last spring complexes.
Fracture flow from the Boxvale Sandstone Member (north)
On the northern side of the fault, the Boxvale Sandstone Member is artesian and confined by the overlying Westgrove Ironstone Member. Localised faulting provides a conduit for flow from the Boxvale Sandstone Member to the Lucky Last and Abyss spring complexes.
Fracture flow from the confined Precipice Sandstone (north; local flow) The Precipice Sandstone is interpreted to be the primary driver of pressure from the northern side of the fault. Localised faulting provides a groundwater flow path through the confining Evergreen Formation to the Lucky Last and Abyss spring complexes.
Fracture flow from the Precipice Sandstone or Boxvale Sandstone Member (south; regional flow) On the southern side of the fault, the Precipice Sandstone underlies the Hutton Sandstone and the Evergreen Formation at depths greater than 350 m. The Precipice Sandstone is confined and potentially artesian at this location. Faults are inferred that provide a flow pathway by which the deeper groundwater discharges to the Lucky Last and Abyss spring complexes. Importantly, the hypotheses recognise the range of remaining uncertainty in relation to the source aquifer for the spring complexes at the study location.
Field investigations and monitoring to test hypotheses
A review of the available information identified additional data required to test the hypotheses: (1) local piezometric levels in the potential source aquifers underlying the spring complexes;
(2) surface geology in the immediate vicinity of the spring complexes; (3) stratigraphic control of key underlying geological units including fault geome t r y ; a n d ( 4 ) p a i r e d s p r i n g w e t l a n d a n d b o r e hydrochemical data. Field work programs were developed to: investigate the hydrogeology in proximity to the spring complexes; identify the presence and influence of structural features on groundwater flow; and characterise the hydrochemistry of aquifers and spring wetlands.
Construction of nested investigation bores
Stratigraphic control on both sides of the fault and an appreciation of the surrounding hydraulic conditions were identified as key information needs for conceptualisation, given the complexity of geology in the vicinity of the springs. Investigation bores were constructed and screened in each potentially contributing aquifer on either side of the inferred fault location (Fig. 6 ). Investigation bores RN13030882, RN13030883 and RN13030884 were constructed to screen the Precipice Sandstone, Boxvale Sandstone Member of the Evergreen Formation and the Hutton Sandstone respectively. The investigation bores were constructed at a single site approximately 600 m to the south-east of the Lucky Last complex. Investigation bore RN123470 was constructed and screened into the Precipice Sandstone at a depth of 60 m, approximately 200 m north-east of the inferred fault. The drilling program identified that the Boxvale Sandstone Member of the Evergreen Formation was absent at this location. Prior to installation of the casing, boreholes were logged using a downhole geophysical probe for gamma, inductive conductivity, point resistivity and self-potential geophysical logs. The geophysical logs were used to identify changes in the stratigraphy and identify inlet zones for piezometer installation. The resistivity and conductivity logs were also used to assess the combined rock and groundwater salinity of the profile.
Geological mapping and geophysical survey
A field geological mapping program was undertaken in June 2014 in the area surrounding the spring complexes by OGIA in collaboration with the Geological Survey of Resistivity imaging was carried out along a single transect using a multi-electrode resistivity imaging of four 72-electrode arrays.
Hydrochemical sampling
The majority of spring wetlands in the Surat Basin represent low-flow, diffuse zones of discharge (KCB 2012b; OGIA 2015 OGIA , 2016a . These are challenging water chemistry sampling environments, with a discharge influenced by surficial process and seasonal variability in evapotranspiration, rainfall and surface-water flow. For this reason, samples were collected as close as possible to known discharge points or vents. 222 Rn was often measured to ensure samples were representative of groundwater and to avoid inadvertently sampling surface-water inflows, which would significantly influence subsequent analysis. In surveys led by the Queensland Water Commission (KCB 2012b), water bore and spring wetland samples were analysed for major ions, stable isotopes of oxygen ( 18 O), deuterium ( 2 H) and radiocarbon ( 14 C). During the initial industry baseline monitoring (Lyons et al. 2015) , a more extensive suite of isotope data was collected including strontium ( 87/ 86 Sr) and radon ( 222 Rn). In parallel, OGIA has collaborated with CSIRO on several projects near the study location, providing additional isotope data from some locations. Major ion analysis was undertaken using graphical approaches including Durov plots.
Field observations
Seasonal monitoring and field observations have been undertaken since 2011 by OGIA and industry in accordance with Commonwealth and State approval conditions. Field observations provide an additional line of evidence into the permanence of groundwater discharge at the spring wetlands and the hydraulic properties of the contributing aquifers.
Results
Piezometric gradients
The new hydraulic head information indicates the Hutton Sandstone has insufficient pressure to support discharge at Lucky Last, with only limited head above ground at the Abyss springs wetlands. On the southern side of the fault, the Precipice Sandstone and Boxvale Sandstone Member have sufficient pressure to provide flow at both spring complexes, with the Boxvale Sandstone Member showing 5 m more hydraulic head than the Precipice Sandstone.
The maximum ground elevation recorded at the Abyss complex is 348 mAHD, and at the Lucky Last complex is 352 mAHD (Fig. 7) . To the south of the fault, hydraulic heads at the nested monitoring location (RN13030882, RN13030883, RN13030884) indicate the Hutton Sandstone and Precipice Sandstone are subartesian (346 and 358 mAHD respectively) and the Boxvale Sandstone Member is artesian (363 mAHD). On the northern side of the fault (RN 123470), the hydraulic head in the Precipice Sandstone is subartesian at 341 mAHD. A 17-m hydraulic head difference is observed horizontally across the structure within the Precipice Sandstone, indicating the fault limits horizontal groundwater flow at this location.
On the southern side of the fault, the Boxvale Sandstone Member has a positive hydraulic gradient to the overlying Hutton Sandstone and the underlying Precipice Sandstone. Although a significant zone of fracturing is interpreted at this locality, the differences in observed hydraulic heads suggests limited vertical connection between these units. It is therefore likely that the springs have formed from discrete vertical fractures providing conduits for groundwater flow to ground surface.
The differing geomorphology of the two complexes is interpreted to reflect a combination of hydrodynamics, hydrochemistry and the soils of the discharge environment. At Lucky Last, the supported wetlands are permanent discharge features, with significant mounding and peat development, which require long periods of discharge, high flow and significant pressures (Fig. 3) . At Abyss, the supported wetlands are saline, semipermanent discharge areas with limited mounding and wetland soil development. This suggests lower hydraulic heads and less extensive periods of discharge. The new information excludes the possibility of the springs being fed by the Precipice Sandstone on the northern side of the fault (hypothesis C) as it is subartesian. Similarly, the Boxvale Sandstone Member is also excluded as it is absent on the northern side of the fault (hypothesis B).
Geology
On the basis of the revised geological mapping and data acquired from the investigation bores, the Abyss complex was confirmed to be underlain by the Hutton Sandstone (Fig. 7) . On the northern side of the fault, however, the outcrop mapping was revised to the Lower Evergreen Formation, suggesting a structural influence and the absence of the Boxvale Sandstone Member in the immediate vicinity of the Lucky Last complex. This is in contrast to the previously available geological mapping and excludes the possibility of hypothesis B.
The dip of the bedding plane was observed to be significantly different on either side of the inferred fault. This provides further evidence of significant structural influence in the area. The mapping suggests the existence of a sharp linear contact on the north-eastern side aligned with the wetlands. Equivalent formations in between the investigation wells (1,000 m apart) have approximately 150 m difference in elevation. Given the regional dip of the units from the south (Fig.  6 ) and the folding and subsequent fracturing of the Surat sequence (Fielding et al. 1990) , the throw underlying the springs is interpreted to be approximately 30-50 m (Fig. 7) . This is consistent with more recent and detailed interpretations of structures in the Surat Basin (Copley et al. 2017; OGIA 2019) , indicating the reactivation of regional structures, such as the Hutton-Wallumbilla Fault, is likely to result in significant associated fracture systems. The refined mapping provides increased clarity on the outcropping formations in this area and has been incorporated into more recent geological mapping (Cranfield 2017) .
Geophysics
The TEM and resistivity data indicate a number of vertical and lateral contrasts. Lateral conductivity contrasts are apparent at the surface, with a distinctive surficial oval high-conductivity zone southwest of the inferred fault and a high-conductivity strip across the north-eastern part of the site (Fig. 8) . To the south-west, this is interpreted to reflect the broader zone of discharge from the Abyss spring wetlands and resulting evaporative concentrations in the shallow subsurface. To the north, this is interpreted to be the influence of the mineralogy of the Evergreen Formation.
At shallow depths, the Lucky Last complex is within a relatively low conductivity zone, contrary to intuitive expectations of a saturated (conductive) zone within dry (resistive) surroundings. Conductivities of 60-80 mS/m are modelled in the area of discharge. Although the conductivity contrast or the inferred fault continue to the surface, the fault is interpreted to continue to the base of the unconsolidated sediments or soils, separating the shallow alluvial sediments with different properties (e.g. mineralogy, fracturing or permeability) from the consolidated sediments below.
The more distinct lateral contrast in the TEM data is nearvertical below depths of 40 m. To the south-west of the inferred fault, conductivities are relatively low (30-60 mS/m) in a distinct, vertical tabular zone approximately 100 m wide. A similar zone of low conductivity (possible groundwater concentration) is apparent at the south-western end of the transects throughout all investigated depths below the Abyss complex. Fig. 7 a Detailed local-scale surface geology and b subsurface interpretation surrounding the spring complexes integrating the revised surface geological mapping and stratigraphic information available from the new investigation bores
The changes in the apparent electrical conductivity highlight several distinct zones of low and high conductivity, often with abrupt transition zones. There is a distinct east-to-west transition from low-to-high electrical conductivity that aligns with the interpreted fault, suggesting limited groundwater movement across this fault.
The Lucky Last complex occurs within a relative resistive subsurface that becomes progressively more conductive with depth. This suggests fresher groundwater at shallower depths or a potential change in lithology in this zone. A two-dimensional interpretation proposes the existence of a preferential flow path from south-west to northeast that is driving the discharge to the Lucky Last complex ( Figs. 8 and 9) .
Assuming that groundwater salinity increases along the flow path (unless additional water is added) (Mazor and Nativ 1992), the main conclusion drawn from this work is that the Lucky Last complex is likely to be sourced from water flowing from the southern side of the fault, supporting hypothesis D (Fig. 5) . The new geological and geophysical data suggest hypotheses B and C are unlikely.
Hydrochemistry
A summary of the major ion chemistry available is provided in Table 2 with the proportions of major ions (calculated in milliequivalents) also presented in an extended Durov plot (Fig. 10 ). The Abyss complex shows significantly higher median ion concentrations (Na, Cl, HCO 3 , Ca and SO 4 ) compared with the Lucky Last complex (Table 2) . For example, on average, Cl concentration for Abyss is 16 times higher than that observed at Lucky Last (490 vs 31 mg/L). The water chemistry at the Abyss complex is a more saline Na-HCO 3 -Cl water type, in contrast to the fresher Na-HCO 3 water type observed at the Lucky Last complex (Table 2) .
Water chemistry data from potential source aquifers at the constructed investigation bores have been compared with samples from the spring wetlands. The major ion analysis for the Hutton Sandstone (RN13030884) is closer to the Abyss complex and shows higher concentrations of major ions ( Table 2 ). The sample from the Boxvale Sandstone Member (RN13030883) is similar to the Lucky Last complex (Table 2) . Based on major ions, the Precipice Sandstone (RN13030882) could be a potential source for the Lucky Last complex.
The extended Durov plot shows total dissolved solids (TDS), pH and relative proportions of cations (Ca, Mg, N + K) and anions (Cl, CO 3 + HCO 3 , and SO 4 ; Fig. 10 ). The central square shape represents both water type ion groups. From the Durov plot, it is evident that the samples from the Abyss complex surround those of the Hutton Sandstone (RN13030884). While samples from the Lucky Last complex are closer to that of the Boxvale Sandstone Member (RN13030883). The Precipice Sandstone samples, both shallow (north) and deep (south), plot further away from the available wetland samples; however, major ion concentrations at the Abyss complex are significantly higher than in the suggested source aquifer, the Hutton Sandstone (Table 2) . Similarly, major ion concentrations at the Lucky Last complex are also slightly elevated when compared to the Boxvale Sandstone Member (Table 2 ). This may be due to an evaporative concentration of water sampled from the wetlands, as is indicated by the stable isotope analysis.
Available stable isotopes (δ 2 H and δ 18 O) for the Lucky Last and Abyss spring wetlands and nearby groundwater bores were plotted with the global meteoric water line (GMWL) and an evaporation line (Fig. 11) . The evaporation line is calculated using the Gonfiantini lake model (Gonfiantini 1986) and assumes 60% humidity and water vapour values of −3 and −15‰ for δ 18 O and δ 2 H, respectively. The start of the evaporation line is a narrow cluster of groundwater samples, with −6 and − 38‰ for δ 18 O and δ 2 H, respectively. These groundwater samples are from bores screened in the Precipice Sandstone and the Hutton Sandstone within 15 km of the spring locations and not the constructed investigation bores.
Note that most of the Abyss samples, and some Lucky Last samples, plot around the evaporation line, which deviates from the GMWL (Fig. 11) . Stable isotope data indicate that the wetland samples from the Abyss complex are more evaporated than the water from the source aquifer Hutton Sandstone, which supports the interpretation of increased concentrations of major ions compared with the Hutton Sandstone, as noted in Table 2 .
The origin of groundwater feeding the two spring complexes cannot therefore be further constrained by the stable isotopes of water; however, the isotope values indicate that a large part of the relative variation in concentration of chemical constituents and isotopes is seasonal and happens after groundwater discharge in the wetlands. This is consistent with the major ion analysis. The available hydrochemical evidence suggests that the origin of groundwater for the Abyss spring complex is local groundwater flow from the Hutton Sandstone (hypothesis A) and regional groundwater flow from the Boxvale Sandstone Member is the likely source for the Lucky Last complex (hypothesis D).
Field observations
At the Abyss complex, individual wetlands were observed to cease to flow during extended dry periods, with characteristically low-flow and diffuse discharge (KCB 2012b; Lyons et al. 2015; OGIA 2015) . The semi-permanent connection to the groundwater system has inhibited the development of distinct organic-rich wetland soils and vegetation cover (Fig. 2) . As a result, the wetlands are relatively small unvegetated mounds (<30 cm) with only very minor flows. The low-volume, broad diffuse discharge zone is likely to be indicative of a lower-permeability aquifer. Seasonal variability in discharge may reflect local groundwater flow influences, which suggests a more local groundwater discharge from a lowerpermeability unit (OGIA 2016d). The wetlands are located within the Hutton Sandstone, which has the lowest permeability of the potential source aquifers at this location. It is plausible that the Hutton Sandstone supports the Abyss complex (hypothesis A).
In contrast, at the Lucky Last complex, permanent discharge is observed. The wetlands have well-developed wetland soils, dense vegetation cover and mounded organic-rich regolith. The establishment of these characteristics indicates long periods of constant groundwater discharge more likely associated with regional groundwater flow systems under significant hydraulic head. Additionally, a number of vents have extended discharge tails draining into the Injune Creek. This suggests that a higher-permeability source aquifer may be contributing at this location-potentially the Precipice Sandstone or the Boxvale Sandstone Member-supporting hypothesis D.
Discussion
This article describes an approach to determine the source aquifer and controlling structures for groundwater flow at two spring complexes. A comparison of the desktop hypotheses and outcomes from the four field methods applied and analysed in this study is provided in Table 3 .
Each method was able to partially address the key questions. The field geological mapping, ground geophysics and local investigation bores collectively provided new information on local structural controls and system architecture, with groundwater pressure and hydrochemistry providing key information regarding the source aquifer. Ultimately, the combination of the methods enabled the most likely source aquifer for each spring complex to be assigned.
The structural evolution at this location has created a complex geological setting. Refinement of the regional-scale geological mapping with local-scale mapping provided new information on aquifer and fault geometry at the case study location. Mapping alone, however, was unable to differentiate between three of the four hypotheses at this location.
Groundwater pressure data provide the hydraulic potential of different aquifers and/or depths of aquifers to drive water towards surface discharge zones. The newly acquired data indicated that only one hypothesis was possible for the Lucky Last complex (Fig. 5, hypothesis D) . A combination of deeper and/ or shallower aquifers was plausible at Abyss (Fig. 5, hypotheses  A and D) . Importantly, the use of groundwater pressure data was only effective once subsurface architecture was established.
Geophysical survey data represent bulk changes in geology and water chemistry. As such, this dataset was useful in delineating between the four hypotheses, primarily based on linking changes in apparent conductivity with groundwater flow, enabling interpretation of the hydraulic properties of the adjacent structure. In relation to Lucky Last complex, the geophysical data support hypotheses A and D, suggesting groundwater flow from the south. Interestingly, in relation to the Abyss complex, the data could not be used to differentiate between hypotheses.
When analysed in isolation, the available hydrochemistry data provided variable results. At the Lucky Last complex, using hydrochemistry alone, hypothesis A could be excluded, but the remaining options were unable to be excluded with high confidence in the absence of the other lines of evidence. In contrast, at Abyss, the data indicated hypothesis A was most likely. Ambiguity associated with the Lucky Last complex reflects the complexity of the underlying geological setting and the challenges with sampling low-flow diffuse discharge locations such as those present in the Surat Basin. In this case Table 3 Summary of the hypotheses (Fig. 5) study, hydrochemical data were more effective in determining the source aquifer to the Abyss complex than the Lucky Last complex.
To further verify the conclusions from this study, a more extensive suite of isotopes could be sampled from the investigation bores and wetlands. Previous investigations in the Surat Basin (Feitz et al. 2014) suggested that different formationsincluding the Hutton Sandstone, Evergreen Sandstone and Precipice Sandstone-have characteristic ranges of 87 Sr/ 86 Sr ratios resulting from the mineralogical composition and sediment source of the formations. Additionally, 14 C and tritium samples from the nearby investigation bores could also provide useful end members for analysis with wetland samples, to support analysis of aquifer residence time.
The field observations in relation to wetland form and seasonality of discharge provide insights into the permanence of discharge and likely contributing aquifers. These observations can only be made over multiple years of monitoring and records. The distinctly different geomorphology and discharge characteristics of these two complexes indicate different groundwater sources.
The multiple lines of evidence and investigation show that, at the Lucky Last complex, hypothesis D (fracture flow from the Precipice Sandstone or Boxvale Sandstone Member) is most supported by the available data. At this complex, the spring wetlands occur along a north-south orientated lineament controlled by and parallel to the Hutton-Wallumbilla Fault. Groundwater flow from the Boxvale Sandstone Member, under artesian pressure, flows upward from the west, along a fault through the overlying confining unit, where it discharges at the land surface, forming the supported wetlands.
At the Abyss complex, hypothesis A (stratification and faulting in the Hutton Sandstone) is the most supported. Groundwater flow is from the west from the Hutton Sandstone, where the formation reaches the land surface and the confining Birkhead Formation is absent. This allows for a broad area of diffuse groundwater discharge. At this location, weathering and dissection of the landscape surrounding the wetlands are strongly influenced by the structural displacement that has occurred in this area. Features including the low topographic position of the wetlands, reduced aquifer thicknesses and associated transmissivity of the Hutton Sandstone to the south, are also likely to contribute to areas of groundwater discharge to the Abyss spring complex. The final supporting factor for the hypothesis was the distinct difference in the water chemistry between the Hutton and Precipice sandstone units.
Conclusion
Identifying the source aquifer and understanding the hydrogeological processes by which groundwater discharges to a wetland are critical for the effective assessment and management of groundwater impacts. Previous assessments of spring source aquifers in the GAB have largely been based on desktop information, using historical datasets often collected opportunistically. Prior to these investigations, multiple GAB source aquifers were identified at some spring complexes across the Surat CMA, including the case study locations (Table 1) .
A key outcome from this work was a revision of source aquifers to some individual spring complexes. At the case study sites, the investigations concluded that the Boxvale Sandstone Member of the Evergreen Formation is the dominant source aquifer to the Lucky Last complex and the Hutton Sandstone provides local discharge to the Abyss complex.
More broadly across the Surat CMA, the hydrogeological conceptualisation of 17 spring complexes in diverse hydrogeological settings provided important insights into the occurrence of springs on the eastern margins of the GAB:
& Groundwater flow along subsurface geological structures, or the contact between geological units, is the dominant control on groundwater flow to the spring. Erosion and dissection are the dominant surface processes that control the location of wetlands within the landscape. & Many wetlands receive groundwater inflows from both regional and local groundwater systems. Additionally, not all springs are permanent features of the landscape. Many of the wetlands have only a seasonal (ephemeral) connection to the groundwater system. & Seasonal changes in evapotranspiration demand have a significant influence on the extent of the wetlands. The seasonal changes in wetland area and discharge are superimposed onto more subtle longer-term changes driven by land use, climate and changes in groundwater pressures.
The techniques and methods to identify source aquifers to springs in the GAB are summarised in EHA (2009) and Madden et al. (2011) . Building upon these methods, the approach applied in this study integrates existing ecohydrological information to formulate hypotheses, accepting inherent uncertainty resulting from incomplete datasets. The investigation methods focused on reducing knowledge gaps and defining the most likely contributing aquifer. This resulting improved understanding of the source aquifers and hydrogeology of spring wetlands enhances the ability to assess the likelihood of impacts resulting from changes in water pressure from a range of groundwater development stressors. The methodology is transferrable to other spring complexes in other GAB subbasins and other multilayer aquifer systems.
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